Abstract: The Large Hadron Collider experiments are testing the evolution of the strong coupling α s up to the TeV scale. We show that the ratio of 3-to 2-jets cross sections provides a good determination of α s , even in the presence of new physics. The experimental measurements can then be used to place a model-independent bound on new particles carrying QCD colour charge and can constrain such states to be heavier than a few hundred GeVs.
Introduction
So far the most relevant result obtained from the Large Hadron Collider has been the discovery of the Higgs boson [1, 2] , however non-Higgs analyses are also very valuable. For example in [3] the first determination of α s (M Z ) from measurements of momentum scales beyond 0.6 TeV was presented. This determination has been performed studying the behaviour of the ratio R 32 of the inclusive 3-jet cross section to the 2-jet cross section, defined in greater detail in the next section. The result is in agreement with the world average value of α s (M Z ).
In this paper, we argue that it is possible to constrain the presence of new coloured states using such a measurement. At the moment we are not able to perform a complete study and to put rigorous bounds on new physics. This is mainly due to fact that some relevant details (such as the complete uncertainties on the different measurements and their correlations) are not reported in [3] . Despite this difficulty, in this work we highlight the potential of such an observable and we discuss relevant aspects related to the presence of new (coloured) particles. We will show that the main effects of the new physics on R 32 comes from the modification of the value of α s (Q), thus it is possible to put lower bounds of several hundred GeV on the mass of new coloured states. In this way we are able to provide bounds relying, to a good approximation, only on the colour quantum numbers and the masses of the new particles. Another virtue of this observable is that it is sensitive to the total amount of coloured states in a specific theory. This approach provides complementary information with respect to bounds on new physics obtained from direct searches, where several assumptions have to be made in order to specify production and decay of a given particle. For instance if the new particles have the right quantum numbers, searches for di-jet resonances are particularly constraining [4] , while there are models evading these bounds for which the results we present here may be relevant [5] .
Efforts to constraint light coloured states in the same spirit as the present work have already appeared. For example in [6, 7] the authors considered the effect of a gluino-like state on the global analysis of scattering hadron data or in [8] where model-independent bounds on new coloured particles are derived using event shape data from the LEP experiments. Thanks to the new data from the LHC we show that an improvement of nearly one order of magnitude can be derived with respect to these works. Finally, this type of approach generalises to other sectors of the Standard Model, and the electroweak sector could for instance be constrained from high energy measurements of Drell-Yan [9] .
The paper is organized as follows: in Section 2 we present the observable R 32 and the main results obtained from [3] , in Section 3 we analyse the effects of new physics, in Section 4 we present a series of expected bounds for different scenarios while in Section 5 we offer our conclusions.
The R 3observable
Considering that we wish to test quantum chromodynamics (QCD) at the highest possible energy scales, we are naturally interested in observables involving a low inclusive number of hard jets. Furthermore, the best way to keep under control uncertainties -both theoretical and experimental -is to look at ratios. The ideal candidate according to these criteria is the ratio of 3-to 2-jets (differential) cross sections, R 32 , which is a commonly studied quantity [3, [10] [11] [12] [13] [14] . In this section, we review aspects of its theoretical evaluation and argue that it is indeed a sound and solid observable in many respects, with the potential to provide model-independent bounds on hypothetical new coloured physics.
We focus on the following definition of the observable, in accordance with the latest CMS analysis [3] :
where p T 1,2 is the average transverse momentum of the two leading jets in the event,
Other choices are possible regarding the kinematic variable: one could use the p T of the leading jet only, or the sum of the p T of all the jets, or construct more complicated combinations as done for the observable N 32 considered by the ATLAS collaboration [14] . There can be important differences between these cases, in particular for what concerns higher-order corrections, as we will mention later. The CMS analysis we chose to follow is based on 5 fb −1 of data collected at 7 TeV centre-of-mass energy [3] . Jets are defined requiring transverse momenta of at least 150 GeV and rapidities less than 2.5, using the anti-kT algorithm [15] with size parameter R = 0.7 and E-recombination scheme. The factorisation and the renormalisation scales are identified with p T 1,2 .
The state-of-the-art computations for inclusive multijet cross sections include the next-to-leading order corrections in α s and α W [16] [17] [18] [19] .
1 NLO QCD corrections are implemented in NLOJet++ [22] , that allows to evaluate the 3-and 2-jets cross sections at the parton-level within the Standard Model. NLOJet++ can be used to verify that many uncertainties of the individual cross sections partially cancel out in the ratio R 32 . As investigated in some detail in the experimental analyses, the PDF uncertainty is reduced to few percent; in other words, the 3-and 2-jets cross section uncertainties are positively correlated, and there is no severe mismatch between the kinematic regions of the PDFs probed for a particular value of p T 1,2 in the two Figure 1 . The NLO K-factors of the 2-and 3-jets differential cross sections and of the ratio of the two, computed with NLOJet++ [22] .
cases [23] . The scale uncertainties come about in a more complicated way, as the change of factorisation and of renormalisation scales have different effects. In order to better understand the impact of higher order corrections on R 32 , we show in Fig. 1 the relevant NLO differential K-factors, i.e.
and similarly for the 3-and 2-jets cross sections. Since the 3-and 2-jets differential cross sections K-factor are close, the overall NLO correction to R 32 is very much suppressed: in the kinematic range of interest, the corrections to the LO results drop from about 20 − 40% for the individual cross sections to less than about 5% for the ratio. Essentially, R 32 has a linear dependence on α s to a good approximation. It is not too surprising, considering that, at the squared amplitude level, the 3-jets process differs from the 2-jets process by a simple factor expressing the radiation of an extra jet [24] . This holds only for certain choices of the kinematic variable, however. Considering the ratio of differential cross sections in the leading p T , for instance, the K-factor is very large [25] . This can be understood as a consequence of a large mismatch of kinematic configurations at LO of 2-and 3-jets events: the available phase-space in a 3-jets event where only the leading jet p T is fixed is much more important than for a given value of p T 1,2 . Then, since 3-jets events are part of the NLO correction to the 2-jets cross section, it means that the 2-jets K-factor in leading p T is significantly larger than in p T 1,2 , an increase that is not compensated by a similar effect in the 3-jets cross section resulting in large NLO corrections to the ratio as well. All in all, the K-factor for R 32 is small enough so that the dependence of R 32 on the renormalisation scale comes mainly through the change of α s in the LO term.
We will see in the next section that the parton distribution functions of the Figure 2 . Relative contributions of sub-processes at LO to 2-(continuous) and 3-jets (dashed) differential cross sections, selected according to the initial-state partons: only valence quarks (blue), one valence quark and one gluon (purple), two gluons (red), the sum of these three contributions (grey).
gluon can be significantly affected by the presence of new coloured particles. It is thus instructive to describe here the relative importance of the various sub-processes that enter the parton-level cross sections, using the Standard Model as a benchmark. At higher p T , larger values of the momentum fraction of the proton are probed, where the dominant PDFs are the ones of the valence quarks (up-and down-quarks). In Fig. 2 , we show that the processes with two valence quarks in the initial state become dominant indeed, while the second most important contribution comes from processes with one valence quark and one gluon. The gluon fusion processes, as well as all other processes involving non-valence quarks, contribute little to hard events.
From our discussion in this section, it should appear that R 32 is the ideal observable to extract values of α s from, in the context of hadron collisions, and in that sense probably the best analogue of the R-ratio in electron-positron annihilation. It is solid against experimental uncertainties as well as theoretical ones, in particular PDF uncertainties and higher-order corrections. There is still an important ambiguity in the choice of the renormalisation and factorisation scales, which currently dominates the uncertainty [3] . These scales have to be related to the energy of the corresponding processes, however, and indeed the theoretical prediction describes the observation well only for appropriate choices.
Even though some experimental analyses do present the results of their fits in terms of the value of α s at the energy being probed (see Fig. 3 ), the emphasis is on the results obtained by extrapolating back down to the usual reference scale M Z , assuming the validity of the Standard Model (SM). The final result in the latest CMS analysis is and we see that the theoretical error is indeed the dominant one. We take here a different approach and argue that bounds on potential new physics beyond the SM (BSM) can be derived from such measurements.
R 32 in the presence of new physics
In this section, we discuss how hypothetical new coloured particles can contribute to R 32 . This can happen through a modification of the running of α s and of the PDFs, and as additional contributions to the partonic cross section at leading or next-toleading order. We argue that the most important of these effects is the change in α s and that the determination of the strong coupling from R 32 is thus generally reliable, even in the presence of new physics.
Running of α s
In the presence of new coloured fermions, the running of α s at high energy is modified compared to the Standard Model, manifested by the introduction of new coefficients in the β function. If we denote
then the coefficients b 0 and b 1 in any mass-independent renormalisation scheme read
2)
where n f is the number of quark flavours (i.e. n f = 6 at scales Q > m t ), n X the number of new (Dirac) fermions, and T X and C X group theoretical factors depending in which representation of the colour group the new fermions transform. One has respectively for the fundamental (dimension 3), adjoint (8), two-index symmetric (6) and three-index symmetric (10) representations,
Higher-dimensional representations have typically larger values of T X and C X , but will not be considered further in this work. The case of fermions in the adjoint representation -like the gluino in the MSSM -is special, since the representation is real: a Majorana mass term can be written for a single Weyl fermion, and n X can take half-integer values. At leading order, the modification in the running of α s only depends on a single parameter n eff ≡ 2n X T X , counting the effective number of new fermions. Explicitly, we have
where n 3⊕3 , n 6⊕6 and n 10⊕10 are the number of new Dirac fermions in the triplet, sextet and decuplet representations respectively, and n 8 the number of Weyl fermions in the adjoint representation. Asymptotic freedom is lost for n eff > 10.5. We do not restrict ourselves to asymptotically free theories. Furthermore, one Dirac fermion corresponds to four complex scalar degrees of freedom; scalar particles in the spectrum thus contribute to n eff four times less than corresponding Dirac fermions. For instance, the full content of the Minimal Supersymmetric Standard Model (1 adjoint Weyl fermion and 12 fundamental complex scalars) counts as n eff = 6.
Beyond leading order, n eff is not sufficient to parametrise the effect of new physics and the detailed properties of the additional particles enter the computation. The value of the Casimir (3.4) matters, but not only: since QCD is not a theory in isolation, the evolution of α s is coupled to the other sectors, and thus other couplings of the new particles also have an influence; see for instance [26] . However, since this model-dependence comes about as a sub-leading effect, a simple description in terms of n eff is a useful approximation. The importance of these effects can be evaluated by varying the value of the Casimir; we do not generically expect the influence of the other sectors of the theory to bring larger changes than this.
The running of α s as given by the β function above is only valid at energies larger than the mass of the new coloured fermions -for simplicity, we assume that they all have the same mass m X and that they are heavier than the top quark. Following the standard procedure, we choose to perform the matching of α s between the highenergy regime and the effective theory without the new fermions exactly at the mass m X . The choice of the matching scale Q is arbitrary and the condition Q = m X is not in itself a requirement of the theory. However this choice leads to approximate continuity of the running coupling constant and hence a more appealing physical picture of α s (see for example [27] ).
The relative importance of the change in α s induced by fermions in various representation can be assessed from Fig. 4 . With the exception of colour-decuplet fermions, the modified running of α s is well estimated by the leading order running, which will allow us to provide model-independent bounds on new physics depending on n eff and m X only.
LHC observables can only be sensitive to scales of a few TeV at most, and since we assume in our analysis that m X > m t , the modified running of α s will not take place over many orders of magnitude and we can derive the following approximate expression, which will be useful later in our discussion: 
Parton distribution functions
New coloured fermions also affect the parton distribution functions (PDFs), besides the QCD processes at the level of the parton interactions and through the modified running of α s . On one hand, their presence modifies the evolution of the PDFs of the quarks and gluons. On the other hand, they contribute as new partons to the momentum of the colliding protons. We will show here that in the case of R 32 , the modifications of PDFs can actually be neglected. In order to assess the importance of new physics effects, we make use of a modified version of Hoppet [28] to study the evolution of the PDFs above the scale of new physics. For simplicity, the evolution is performed using the DGLAP equations at leading order only and then compared to the PDFs in the Standard Model evaluated at the same order. This gives a good estimate of the modifications induced by the new fermions. The explicit procedure followed is to initialise the PDFs at the scale Q = m t with the CTEQ distribution [29] , then use the DGLAP equations (A.2) of Appendix A to perform the evolution above this energy. 2 The results can be summarised in three points:
1. The evolution of the PDF of the new fermions above the mass threshold is driven by the gluon PDF, and it is therefore proportional to the splitting function P Xg ∝ T X . Fermions in low-dimensional representations will therefore have a small PDF, at most comparable to that of the top quark. Fermions in a higher-dimensional representation of the colour group will have PDFs increasing faster with energy, yet they remain small compared to the valence quarks and gluon PDFs over a large range of energies. As an example, Fig. 5 shows the PDFs of a new fermion of mass m X = 500 GeV in the octet (left panel) and decuplet (right panel) representations, at factorisation scale Q = 1.5 TeV. Although the PDF of the new fermion becomes as important as that of the light quarks, it is still one or two order of magnitude below the relevant PDFs, i.e. the valence quarks and/or the gluon ones depending on which kinematic region is considered.
2. The evolution of the gluon PDF is also largely dominated by the gluon PDF 2 In principle we could use the SM PDFs up to the mass m X of the new fermions. However, the CTEQ PDF set (like most others sets) does not make use of the 6 flavours running scheme above the top mass. itself. New physics enters therefore the DGLAP equations in two ways: in the value of α s above the mass threshold and in the splitting function of the gluon into itself, eq. (A.3). The former effect is actually subleading in α s , since the ratio α s (Q)/α SM s (Q) − 1 is itself proportional to α s , see eq. (3.6). The modified splitting function of the gluon, on the contrary, gives an important contribution to the evolution of the gluon PDF. It can be quantified by looking at the evolution of the ratio of the gluon PDF in the presence of new fermions to its counterpart in the Standard Model. One finds, at leading order in α s ,
which can be integrated to give
The main effect of the presence of new fermions is therefore the reduction of the gluon PDF by a factor proportional to n eff but independent of x. This behaviour is confirmed by the explicit evolution obtained with Hoppet. The left-hand side of Fig. 6 shows the leading order evolution obtained for three different cases all corresponding to n eff = 15, where all gluon PDFs are normalised to the Standard Model. Eq. (3.8) gives in this case f g (x, Q) ≈ 0.83 f SM g (x, Q), which is indeed the behaviour observed.
3. The evolution of the quark PDF is less affected than the gluon PDF, for the simple reason that the splitting functions of the quark PDFs do not depend on the presence of new fermions. Moreover, it is indirectly feeling their presence through the modification of α s and of the gluon PDF, but the two corrections eqs. (3.6) and (3.8) are equal and in opposite direction, so that they conspire and make the quark PDF mostly insensitive to new physics. Notice however that at large x the PDF of the valence quarks are important as well in the evolution, and for them the enhancement in α s is not compensated, hence effectively accelerating the evolution, in this case reducing the quark PDFs at large x. This is very well visible in the right-hand side of Fig. 6 , where we show the normalised PDFs of the up quark for three scenarios corresponding to n eff = 15. It should be noted in this case that the leading order evolution of the PDFs does not match very well the standard sets using the NNLO evolution equations; however, our point here is simply to show that the quark PDFs are affected very little by the presence of new fermions, which is clear from the figure.
In general, the sizeable change in the gluon PDF could have important effects on physical observables at high factorisation scale Q. The ratio R 32 , however, is barely sensitive to this change, since the relative contribution of the gluon-induced processes to the two and three jets differential cross section is identical, as seen in Fig. 2 , and since the reduction of the gluon PDF is x-independent. At the precision level of our analysis, the modification of PDFs can thus be safely neglected.
New physics contribution to hard scattering
With our definition of R 32 , jets in the final state are assumed to originate from a standard model parton, that is a quark or a gluon. The new coloured fermions would of course also be produced copiously above the kinematic threshold, but we expect them to give a characteristic signature in the detectors. We do not study this case here, as it depends heavily on the couplings of the new fermions to standard matter, and is therefore model dependent. Notice that if it is stable, a new, heavy fermion in the final state could in principle be misidentified as a jet, since it would hadronize and end its path somewhere in the detector. There are however stringent constraints on the existence of such bound states [32] . The only processes involving new physics at tree level are therefore those with a heavy fermion and a heavy antifermion in the initial state, as for instance in the diagram of Fig. 7 (a) . In spite of the possible enhancement of such processes due to large colour factors, they remain negligible due to the minor importance of the PDF of the heavy fermion.
In the absence of new diagrams compared to the standard model, the leading order effect of new physics in the two and three jets cross sections comes entirely from the modified running of α s described above. Assuming that the choice of renormalisation scale is appropriate when considering the average p T of the two hardest jets, α s can be factored out of the differential observable R 32 , such that the new physics effects are described by
As discussed above, radiative corrections to R 32 are subdominant in the standard model, and so are they in the presence of new physics. The existence of loop diagrams involving new fermions introduces a new scale in the process at the loop level, and moreover the colour factors can be enhanced in the case of fermions in a higherdimensional representation; however, this dependence is made marginal in taking the ratio of 3 to 2 jets cross sections. In the absence of an explicit NLO computation with massive fermions, our claim is that eq. (3.9) provides a satisfactory description of new physics effects on R 32 .
Particle-level simulations
We show finally simulations of R 32 at the LHC at 7 and 14 TeV of center-of-mass energy, both in the standard model and for a new physics scenario. 2-and 3-jets event samples are generated with MadGraph [33] and the CTEQ10 NNLO PDF sets [29] , where the presence of new physics is simulated by an appropriate modification of the running of α s . The parton-level results displayed in Figs. 8 and 9 match the theory prediction used in the CMS analysis [3] , and similarly they agree with the data obtained after unfolding. Since the showering process of the jets is mostly sensitive to soft scales, i.e. scales far below the hard-interaction scale, and thus unaffected by the modification of α s at high energies, we can provide as well full particle-level simulations. Following [3] , we recombine the final state hadrons to R = 0.7 anti-k T jets with p T,j > 150 GeV using Fastjet. We use MLM matched [34] multijet samples showered with HERWIG++ [35] , and the results are shown again in Figs. 8 and 9 . The observable is significantly affected by the showering process, mostly due to the migration of 2-jet events into the 3-jet category, effectively increasing the ratio R 32 ; the relative size of the new physics contribution seems unaffected, however. The CMS analysis [3] is quoting an overall systematic uncertainty due to unfolding of less than 1%. This seems challenging, given the relatively large deviations between parton-level and hardon-level, as shown in Figs. 8 and 9 , and the large uncertainties in next-to-leading order parton level calculations matched to parton showers, as previously observed in studies of R 32 [25, 36] .
Bounds on the new physics
In the previous sections, we argued that we expect hypothetical new coloured physics to affect R 32 principally through a modification of the running of α s , implying that
0.0936 ± 0.0041 664 0.0894 ± 0.0031 896 0.0889 ± 0.0034 Table 1 : High-scale determinations of α s from measurements of R 32 by CMS [3] .
this observable provides a robust determination of the strong coupling constant. To illustrate the exclusion potential of high-scale measurements of α s we present bounds on n eff depending on the scale of new physics m X , derived from results provided by CMS [3] . A careful determination of these bounds would require repeating the fit to the observed values of R 32 and precisely studying the various uncertainties. For such a complete fit, however, it is important to know how the experimental uncertainties are correlated, and this information is not provided by the collaborations. As our goal is mainly to encourage experimental groups to also interpret their measurements in terms of exclusion bounds on new physics, we chose to perform a simplistic analysis here as a proof of concept. Motivated by the solidity of R 32 as an observable, we take the estimates of α s given by CMS (and reproduced in Tab. 1) at face value. We add to the analysis the the world average measurement of the strong coupling α s (M Z ) = 0.1185 ± 0.0006 [37] ; since its uncertainty is much smaller than the ones of the other data points, we take as fixed input α s (M Z ) = 0.1185.
We also simply assume the uncertainties to be Gaussian and these measurements to be independent. The induced probability measure over the parameter-space we want to constrain is then simply proportional to
where α th s (Q; n eff , m X ) is the theoretical prediction for the value of the strong coupling at the scale Q, which is a function of n eff and m X .
The theoretical predictions for α s are obtained by running up to Q from the Z-mass at two-loop order, as described in eq. (3.1), which is sufficient for our purpose. Beyond leading-order, n eff is not enough to parametrise the importance of new physics effects: the quadratic Casimir C X needs to be specified. We vary it between 4/3 and 6 -the values corresponding to fermions in the fundamental or decuplet representations, respectively -to show that, as a subleading effect, it has little influence.
A detailed interpretation of the uncertainty on the scale of new physics m X is beyond the scope of this analysis. We thus assume that the mass of the new states is known and show the subsequent upper bound on n eff , choosing a flat prior over n eff > 0, in Fig. 10 . Figure 10 . The shaded regions indicate the upper bounds on n eff at 2σ and 3σ confidence levels, assuming the scale of new physics m X is known. They are delimited by grey bands whose width show the effect of varying the Casimir C X . As further indication, the third band shows a 1σ limit. To guide the eye, the dashed horizontal lines indicate values of n eff corresponding to one fundamental, one adjoint, one two-index symmetric and one three-index symmetric fermion (see eq. (3.5)).
Next year, the LHC will start its second run at circa double the centre-of-mass energy, finally attaining its original target. This also means a doubling of the reach in the search for new physics: the main factors determining the number of events occurring at a given scale are the steeply falling PDFs, thus the corresponding value of the momentum fraction. Up to changes due to logarithmic scale corrections and modified experimental conditions, a same amount of data at twice the centre-of-mass energy would translate in mass-exclusion bounds roughly twice as high. Of course, all searches will see their potential increase. The relative simplicity of the analysis we suggest here may allow to extract limits on new physics rapidly as new data becomes available, though.
With the increase of collected luminosity, statistical uncertainties will shrink, which could increase the discriminating power of the search. As an example of the expected exclusion reach in the next LHC run, and of how it depends on the irreducible uncertainty, we show how fast new physics with n eff = 15 at 500 GeV would be disfavoured against the Standard Model background hypothesis as more data will become available in Fig. 11 . We estimated the limits using a binned loglikelihood CLs hypothesis test [38] based on LO evaluations of the cross sections done with NLOJet++ [22] . detailed properties of the hypothetical states, as their various charges, and mainly depend on their effective number n eff (and their mass). These limits on coloured particles, although not the most stringent for any specific model in general, would be largely unavoidable due to their model-independent nature.
We show that the ratio of 3-to 2-jets inclusive differential cross sections R 32 is particularly appropriate for constraining new physics. PDF uncertainties are suppressed, and the main effect of additional heavy particles is encoded in the modified running of the strong coupling α s .
We encourage experimental collaborations to interpret their results not only as a test of the Standard Model, checking the compatibility with the reference value of α s at the Z pole, but also more directly as a probe of new physics.
In order to derive robust bounds on New Physics more work has to be done. In particular a better understanding of the scale uncertainties and of the effect of showering processes should give a better idea on the sensitivity on the new coloured states. At the moment using the available information in [3] we are not able to perform such a complete analysis.
However, based on the simplified analysis on Section 4 the exclusion potential of currently available experimental data is shown in Tab. 2. colour content n eff m X in GeV  Gluino  3  280  Dirac sextet  5  410  MSSM  6  450  Dirac decuplet 15 620 Table 2 : 95% CL mass exclusion bounds for various values of n eff according to a toy-analysis of the latest CMS measurement of R 32 [3] . where the group invariants T X and C X are defined in Section 3.1.
